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... "The Answer to the Great Question ... OfLife, the Universe and 
Everything .. .Is .. .Is ... Forty-two," said DeepThought, with infinite 
majesty and calm. 
Douglas Adams in The Hitchhiker 's Guide to the Galaxy. 
CHAPTERl.GENERALINTRODUCTION 
Scientists have come a long way in explaining life from the famous Urey-Miller experi-
ment of 1953 (where they synthesized amino acid precursors by experimentally simulating 
primordial earth) to discovering that all of life's secrets are encoded in those strings of nuc-
leotide bases that constitute the genome of an organism. The Human Genome Project (HGP) 
was envisioned in 1990 with the hope of ushering in a new era in biology and medicine; 
exciting new discoveries about living organisms and radical improvements in medical tech-
nology are expected from all the information gathered after sequencing the human genome 
and the genomes of other organisms. 
The process by which a sequence of DNA is translated into the corresponding amino acid 
sequence of the protein is well understood and is expounded in the 'Central Dogma' of biol-
ogy. The most interesting proteins are the enzymes that roll up into a unique, compact, glob-
ular form and very efficiently catalyze nearly all the reactions in our body. Interestingly, the 
three-dimensional (tertiary) folded form of an enzyme is essential for its function as a catal-
yst. Anfinsen (1973) through his experiments on protein folding proved that the process was 
thermodynamically driven, and that the protein's chemical composition was solely respon-
sible for its final folded form. The physics behind the folding process is well understood 
today. However, computing the final folded form of the protein from its amino acid sequence 
remains beyond the realm of present-day computers. Predicting the protein fold from its 
sequence is currently an active area of research, and we are a long way from accurately pre-
dicting the final tertiary structure from the amino acid sequence. 
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Meanwhile, experimental techniques such as x-ray crystallography and nuclear magnetic 
resonance, along with developments in molecular biology and genetic engineering, have 
reached a level of sophistication where one can determine the tertiary structures of molecules 
that are the size of biological macromolecules. The Research Collaboratory for Structural 
Bioinformatics Protein Data Bank (Berman et al., 2000), a repository of protein tertiary 
structures, is growing at an exponential rate and now holds approximately 15,000 protein 
structures. Projects are being initiated to determine protein structures at the genomic scale. 
The genome sequencing effort along with the large-scale structure determination projects 
following close behind are generating phenomenal amounts of data, and the challenge now is 
to develop methods for mining relevant information from it. Although these techniques help 
us get around the protein folding problem, the next task is to understand protein function 
from its structure. Protein structure-function relationships are not very well understood today, 
and even less is known about how the thousands of different proteins interact together in the 
complex environment of the cell to weave the fascinating web of life. 
Two different classes of scientists who work on studying the relationship between protein 
structure and function have evolved. The first are the molecular biologists who, through very 
specific mutations in the gene, try to understand the role of specific amino acids in the pro-
tein of interest. They have been very successful in not only gaining further insight into its 
function but have also managed, in some cases, to engineer the protein to tailor it for specific 
purposes. The second set is composed of physicists, chemists, mathematicians, and computer 
scientists who have developed some very sophisticated computational tools that help achieve 
a deeper look at the molecule in atomic detail. These computational tools vary in the sophis-
tication of the models used to describe molecular interactions and their dynamics. Currently 
available molecular dynamics tools use both classical Newtonian dynamics as well as the 
more complex and computationally expensive ab initio techniques that employ the theory of 
quantum mechanics. The challenge here is to develop tools that are fairly sophisticated in 
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their atomic description and at the same time are not computationally too expensive. Also 
available are tools such as DOCK (Kuntz et al., 1982; Shoichet and Kuntz, 1993), which 
models the active site and finds molecules that match the active site structure, and AutoDock 
(Goodsell and Olson, 1990; Morris et al., 1996, 1998), which does flexible docking of the 
ligand in the conformational space of the active site. At the interface of the two classes of 
scientists are the new breed of bioinformaticists and computational biologists. 
Biological macromolecules, such as proteins and DNA, are 10 to 100 times or even larger 
than the molecules encountered by the computational chemist, and hence modeling them is 
computationally challenging. Simplifying assumptions have to be resorted to, and very often 
they do not capture the whole picture accurately. The current version of AutoDock, for ex-
ample, treats the enzyme as a rigid body. Several enzymes undergo significant conformation-
al changes upon ligand binding, prediction of which remains outside the scope of current ver-
sions of AutoDock. Although these computational tools are active data churners, there are no 
clear rules available to analyze the data, and their interpretation remains an art. There is 
ample space for new ideas and development of techniques to interpret the detailed, atomic-
level information obtained from these methods in an imaginative manner. 
1.1. Research Objective 
The objective of this project is to study protein structure-function relationships in Family 
47 glycosyl hydrolases (Henrissat, 1991) comprised of Class I a-1,2-mannosidases. This 
class of enzymes is an interesting system for investigation for the following reasons: 
+ In vivo, the endoplasmic reticulum (ER) enzymes are involved in the trimming of the 
middle-arm terminal a-1,2-linked mannosyl residue ofMan9GlcNac2; their function is 
highly specialized and it would be instructive to understand its molecular basis. 
+ High-resolution crystal structures of the ER Class I a-1,2-mannosidases from yeast 
(Vallee et al., 2000b) and humans (Vallee et al., 2000a) have a highly unusual (a,a.)7 
4 
barrel structure. These structures can be the starting point for computationally studying 
very precise protein-ligand interactions of interest. 
• Inhibitors in the crystal structures of the human a-1,2-mannosidase are found in the 
thermodynamically less stable 1C4 conformation instead of the 4C1 conformation 
(Appendix I)- this makes it an interesting case for docking studies. 
+ These enzymes play a role in N-linked oligosaccharide maturation and ER-associated 
degradation of misfolded proteins, an important step in the quality control mechanism of 
the ER in the secretion of mature proteins. The ER enzyme has been suggested as a pos-
sible target for drug design in diseases characterized by rapid degradation of misfolded 
proteins, such as emphysema (Sifers, 1995) and cystic fibrosis (Kopito, 1999). 
AutoDock predicts the bound conformations of ligands to biomacromolecules such as 
proteins and DNA. Docking by AutoDock consists of first generating different conformations 
of the ligand that cover all its orientational, translational, and torsional degrees of freedom 
and then calculating the interaction energy between the ligand and the protein. The aim is to 
find the ligand conformation with the lowest free energy of interaction with the protein. 
Several different ligands were docked into the active site of the yeast enzyme using 
AutoDock in this study, with the aim of gaining deeper insight into its catalytic mechanism 
and substrate specificity. Hydrolysis of the glycosidic bond usually involves two glutam-
ic/aspartic acid residues placed at an appropriate distance (-9.5 A) apart in the active site of 
the enzyme, one of which acts as a proton donor and the other as a nucleophile that activates 
the water molecule involved in the hydrolysis. Three acidic amino acid residues, Glul 32, 
Asp275, and Glu435 (the amino acid residue numbering corresponds to the yeast structure) 
have been identified in the yeast and human crystal structures that are appropriately placed in 
the active site at a distance of-9.5 A from each other. It has not been possible, from the 
information available from the two crystal structures, to identify which two of the three 
residues are involved in catalysis. Two different mechanisms have been proposed, one with 
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Glu132 as the acid and Glu435 as the base and the other with Glul32 as the acid and Asp275 
as the base (Vallee et al., 2000a,b ). To unambiguously identify the catalytic acid and base is 
a goal of the present project. 
Family 4 7 a-1,2-mannosidases are highly specialized enzymes; they cleave only terminal 
mannosyl residues linked via a a-1,2 bond to another mannosyl residue. The 1 C4 conformat-
ion of the inhibitors revealed in the crystal structures of the human enzyme indicates that the 
terminal mannosyl residue is also distorted into the 1 C4 conformation in the transition state. 
This study is an attempt to understand the mechanism of this distortion and the basis for the 
high substrate specificity through computational docking. 
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CHAPTER 2. LITERATURE REVIEW 
2.1. a-Mannosidases in N-Glycan Synthesis 
Glycosidases of the eukaryotic secretory pathway, comprising of the endoplasmic retic-
ulum (ER) and the Golgi apparatus, are involved in the initial steps of the biosynthesis of N-
glycans (Moremen et al., 1994; Herscovics, 1999a,b,c). N-Glycan synthesis begins with the 
transfer of a preformed oligosaccharide precursor, usually Glc3Man9GlcNAc2, to an Asrt/X/ 
Ser(Thr) residue on the newly formed polypeptides from dolichyl phosphate in the ER (Fig. 
1.1). Glc3Man9GlcNAc2 then undergoes trimming of the glucosyl residues by the a-glucosi-
dases in the ER to form Man9GlcNAc2. This is followed by the removal of a-1,2-linked man-
nosyl subunits by Class I a-mannosidases, both in the ER and the Golgi apparatus, which is 
necessary for the maturation of the N-glycan to hybrid and complex oligosaccharides. 
Removal of a-1,3- and a-1,6-linked mannosidases is essential for the synthesis of complex 
N-glycans, a task performed by the Class II a-mannosidases in the Golgi apparatus. 
Class I enzymes are inverting glycosidases (Lipari et al., 1995; Lal et al., 1998) that spec-
ifically cleave the a-1,2-linked mannosyl subunits and form glycosyl hydrolase Family 47 
(Henrissat, 1991 ). They are inhibited by pyranose monosaccharide analogs such as 1-deoxy-
mannojirimycin, but not by swainsonine, and require Ca2+ for their activity. Class II enzymes, 
on the other hand, are retaining (Howard et al., 1997), can cleave a-1,2-, a-1,3-, and a-1,6-
linked mannosyl residues, are inhibited by furanose analogs such as swainsonine, and com-
prise Family 38 of glycosyl hydrolases. Beside these two families, other a-mannosidases 
have also been described that provide an alternative route independent of Class II a-manno-
sidase for the synthesis of complex N-glycans. Such enzymes have been reported in rat brain 
that lacks Class II a-mannosidase activity (Tulsiani and Touster, 1985), in rat liver (Monis et 
al., 1987; Bonay and Hughes, 1991; Bonay et al., 1992) and in several tissues of Class II a-
mannosidase knockout mice (Chui et al., 1997). 
ENDOPLASMIC RETICULUM GOLGI 
Complex 
D ~-GlcNAc • a-1,3-Man 
• ~-1,2-GlcNAc • a-1,6-Man 
0 a-1,2-Man A a-1,2-Glc 
r l I ~ 
fER~ 
. .,~·~ , .. 
p I j ~ P-1,4-Man I /j. a-1,3-Glc 
• a-2,6-NeuNAc <> ~-1, 4-Gal 
Figure 2.1. Major pathway representing N-glycan processing in mammalian cells. The enzymes indicated are Glc I, a-glucosidase I; Glc II, 
a-glucosidase II; ER Man I, a-1,2-mannosidase that forms Mat1gGlcNAc2 isomer B; ER Man II, a-1,2-mannosidase that forms Man8GlcNAc2 
isomer C; Endo-a-Man, endo-a-mannosidase; a-1,2-Man, Golgi a-1,2-mannosidase; Man II, a-mannosidase II; GnT I, N-acetylglucosaminyl 
transferase I. The inhibitors are indicated in dark grey boxes: DNJ, 1-deoxynojirimycin; CAS, castanospermine; KIF, kifunensine; DMJ, 1-
deoxymannojirimycin; SW, swainsonine. 
-.....J 
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There is also a specific endo-a-mannosidase (Fig. 2.1) that provides an alternate pathway 
for the trimming of glucose residues from the oligosaccharide precursor (Spiro, 1994). This 
is the only processing glycosidase that cleaves an internal glycosidic linkage, producing 
MansGlcNAc2 isomer A from Gic1_3Man9GlcNAc2. The enzyme does not require a divalent 
ion and is inhibited by disaccharides Glc-a-1,3-(1-deoxy)mannojirimycin and Glc-a-1,3-
(1,2-deoxy)mannose (Hiraizume et al., 1993). 
2.1.1. a-1,2-Mannosidases of the ER 
Removal of a-1,2-mannosyl residues from the oligosaccharide precursor begins in the 
ER immediately after, or along with, glucose trimming (Kornfeld and Kornfeld, 1985; More-
men et al., 1994; Herscovics, 1999a). Several ER a-mannosidases with distinct biochemical 
activities have been reported; however, the number of distinct a-mannosidases in the ER and 
their molecular nature is unknown. High-resolution x-ray crystallographic structures of the 
Family 4 7 ER enzyme that produces Man8GlcNAc2 isomer B (Fig. 2.1) from Saccharomyces 
cerevisiae (Vallee et al., 2000b) and from humans, complexed with the potent inhibitors 1-
deoxymannojirimycin and kifunensine (Fig 2.2) (Vallee et al., 2000a), have been recently 
obtained. The structure of these enzymes will be described in detail subsequently. 
6 6 
1-Deoxymannoj irim ycin Kifunensine 
Figure 2.2. Structures of Class I a-1,2-mannosidase inhibitors 1-
deoxymannojirimycin and kifunensine. 
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There is increasing evidence implicating ER a-mannosidases in the degradation of mis-
folded proteins from the ER, so that they play a role in the quality control of proteins synthe-
sized therein. Heterologous expression of yeast prepro-a factor in a mammalian cell results 
in its rapid degradation as an abnormal glycoprotein, and inhibition of a-1,2-mannosidase 
activity by 1-deoxymannojirimycin stabilizes this yeast glycoprotein (Su et al., 1993). Other 
studies on the proteasome-dependent degradation ofT cell receptor {TCR) subunits indicate 
that the targeting of proteins for degradation is not solely due to the N-glycan structure but is 
also determined by the architecture of the protein. This has been demonstrated by the obser-
vation that degradation of the CD3-o subunit is inhibited by 1-deoxymannojirimycin while 
that of the TCR-a subunit is not affected (Yang et al., 1998). Also blocked by the addition of 
1-deoxymannojirimycin or kifunensine is the degradation oftyrosinase (Wang and Andro-
lewicz, 2000), a2-plasmin inhibitor (Chung et al., 2000), and a misfolded form of a 1-anti-
trypsin (Marcus and Perlmutter, 2000). Aggregation ofmisfolded a 1-antitrypsin in the ER 
leads to emphysema, and understanding the structural basis of inhibition of Class I a-1,2-
mannosidases could help in the design of therapeutic agents for emphysema and other such 
diseases characterized by rapid degradation of misfolded glycoproteins. 
Evidence implicating the role of ER a-1,2-mannosidase in quality control has also been 
obtained in S. cerevisiae (Knop et al., 1996; Jakob et al., 1998). A misfolded carboxypepti-
dase Y mutant is rapidly degraded by wild-type yeast cells but is protected from degradation 
in the mnsl mutant cells lacking the ER enzyme that forms Man8GlcNAc2 isomer B. Since 
prolonged retention of misfolded and incompletely folded proteins in the ER leads to their 
degradation, it has been suggested that the removal of mannosyl residues by slow ER a-1,2-
mannosidases might work as a timer for glycoprotein degradation (Helenius, 1994; Liu et al., 
1999). 
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2.1.2. a-1,2-Mannosidases of the Golgi apparatus 
Golgi a-1,2-mannosidases trim mannosyl residues of oligosaccharide precursors to form 
Man5GlcNAc2. There are at least three different Golgi a-mannosidases in mammalian cells, 
and they differ in the order in which they cleave mannosyl residues from the oligosaccharide 
precursor. Three Class I a-mannosidases have been reported recently in the filamentous fun-
gus Aspergillus nidulans (Eades and Hintz, 2000), the first report of the existence of multiple 
Class I a-mannosidases in a fungal species. These enzymes, like all other enzymes of glyco-
sidase Family 4 7, are Type II Ca2+ -dependent transmembrane enzymes. Their N-terminal 
transmembrane domain is flanked by a variable cytoplasmic domain of about 10-35 amino 
acids, followed by a stem region that is not required for enzyme activity, and a large lumenal 
C-terminal catalytic domain. Golgi mannosidases differ in the order in which they cleave 
mannosyl residues from Man9GlcNAc2 in converting it to Man5GlcNAc2 (Kornfeld and 
Kornfeld, 1985). 
2.2. Role of the Conserved Residues in Family 47 
Nine conserved acidic residues have been identified in Class I a-mannosidases, and they 
were mutated in the a-mannosidase of a S. cerevisiae strain to identify their importance in 
enzyme function. Five of the mutants, E214Q, D275N, E279Q, E435Q, and E503Q, had no 
a-mannosidase activity, while others, D86N, E132Q, E438Q, and E526Q, had very low act-
ivity compared to the wild-type enzyme {Lipari and Herscovics, 1999). Two of the mutants, 
E214Q and E435Q, when expressed as secreted proteins in Pichia pastoris were poorly sec-
reted. D275N, E279Q, and E438Q had no detectable 45Ca2+ binding, while D86N, E132Q, 
E503Q, and E526Q mutants exhibited 45Ca2+ binding similar to the wild-type enzyme. From 
the kinetic analysis of the mutants, it was concluded that Asp 86, Glu 132, and Glu503 are im-
portant for catalysis {Lipari and Herscovics, 1999). 
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2.3. Crystal Structures 
The crystal structure of the catalytic domain of a Class I a-1,2-mannosidase that trims 
Man9GlcNAc2 to Man8GlcNAc2 isomer B in the ER of S. cerevisiae has been recently deter-
mined (Vallee et al., 2000b ). It has a novel ( a,a)7-barrel structure with an N-glycan from one 
molecule extending into the barrel of an adjacent molecule, interacting with what is expected 
to be the active site of the enzyme (Fig. 2.3). The (a,ah barrel is comprised of fourteen a-
helices alternating to form a barrel with approximately sevenfold symmetry, with a2, a4, a6, 
a8, al 0, al2, and al4 forming the seven parallel inner helices while al, a3, a5, a7, a9, 
al 1, and al3 form the seven outer helices concentric and anti-parallel to them. There is a 
stabilizing disulfide bond between Cys340 and Cys385 that forms a bridge between the 310 
helix, located at the beginning of the inner a 10 helix, and a 11. The cysteine residues in-
volved in this bond are highly conserved among family members. The barrel is plugged by a 
C-terminal P-hairpin that protrudes back into the center of the barrel from one side. This and 
the arrangement of the P-strands result in the formation of two structurally distinct sides of 
the barrel. On one end the pairs of inner and outer a-helices are connected by short loops of 
up to four residues, which the authors call the short connection or the SC side. Three high-
mannose N-glycans (HMl, HM2, and HM3) found on the SC side extend away from the sur-
face of the barrel. The other end of the barrel, the long connection or LC side, is structurally 
more complex, with P-strands forming a series of anti-parallel P-sheets surrounding the helix 
barrel. This results in a funnel-shaped cavity on the LC side, parallel to the barrel axis with a 
diameter of --25 A at the level of the P-sheets. The diameter decreases to --10 A at the tube of 
the funnel that is plugged by the Ca2+. The nine highly conserved residues and the calcium 
ion, all essential for catalytic activity, are present in the tube of this funnel-shaped cavity. 
Site-directed mutagenesis of Arg273 to Leu273 in the yeast enzyme caused the enzyme to be 
able to cleave all four a-1,2-linked mannosyl residues, rather than just the single residue of 
the middle arm of Man9GlcNAc2 (Romero et al., 2000). 
(a) 
SC side 
Figure 2.3. Yeast a-1,2-mannosidase str-ucture. (a) Schematic ribbon representation of the enzyme dimer, showing the protein-
protein and protein-carbohydrate interactions. The three N-glycans, HMI , HM2, and HM3, are shown in CPK colors. HMI extends 
into the barrel of the adjacent protein molecule (b) view down the (a,ahbarrel axis from the LC side. The calcium ion is the blue 
sphere and the glycerol molecule (G) is shown in orange. Due to the orientation in (a) the calcium ion and glycerol are not visible. 




Crystal structures of the catalytic domains of human ER Class I a-1,2-mannosidases have 
also been recently determined, both in the presence and absence of the potent inhibitors kif-
unensine and 1-deoxymannojirimycin (Vallee et al., 2000a). Both inhibitors bind to the pro-
tein at the bottom of the active site, with the calcium coordinating 02 and 03 hydroxyls of 
the six-membered ring of both inhibitors in the 1C4 conformation and stabilizing them (Fig. 
2.4a). The overall structures of the yeast and human enzyme are essentially the same. Pair-
wise superposition of the Ca atoms of the two crystal structures yielded a r.m.s. deviation of 
1.44 A. Although the amino acid sequences of the two enzymes are no more than 35% simi-
lar, the positions of critical amino acids that make up the active site in the two crystal struc-
tures are practically the same. Given the similarities in the active-site structure, it would be 
reasonable to assume that the inhibitors would bind in a similar manner in the yeast enzyme. 
2.4. Catalytic Mechanism 
The catalytic mechanism of inverting enzymes usually involves a pair of carboxylic acids 
at the active site located approximately 10 A(± 2 A) apart, on the average, on opposite faces 
of the substrate-binding cavity. The reaction occurs via a single-displacement mechanism 
involving an oxocarbenium ion-like transition state. The two carboxylic groups serve as 
general acid and general base catalysts. The ,..., 10 A distance is required for the placing the 
substrate as well as a nucleophilic water between the carboxyl groups (McCarter and With-
ers, 1994; Rye and Withers, 2000) (Fig. 2.5). 
An interesting interaction that is observed in the yeast crystal structure is the extension of 
the oligosaccharide of one molecule into the barrel of the adjacent symmetry-related mole-
cule. This protein carbohydrate complex is the enzyme-substrate complex for the enzyme 
since the terminal, middle-arm mannosyl residue, Ml 0, has been cleaved (Fig. 2.4b). 
The evidence accumulated by site-directed mutagenesis experiments and the fact the nine 






Fig. 2.4. Binding of 1-deoxymannojirimycin (DMJ) and kifunensine (KIF). (a) Location of DMJ 
(green) and KIF (orange) in the active site of a-1 ,2-mannosidase. Position ofDMJ/KIF was obtained by 
superposition of the yeast a-1 ,2-mannosidase with the human enzyme. The putative catalytic residues are 
shown as white spheres (labels in yellow). The position of the N-glycan substrate is shown for reference. 
(b) Schematic representation of the Ma1½GlcNAc2 high-mannose oligosaccharide. The residues indicated 
in gray show are seen in the electron density maps of the yeast a-1,2-mannosidase structure. The bond 
between M7 and MIO is cleaved by the enzyme to yield Man8GlcNAc2 isomer B. (c) Stereo structure 
showing the position of the putative catalytic residues (yellow). DMJ (green) is shown with its Cl atom 
represented as a sphere along with M7 (in CPK colors). The calcium ion is shown in blue. W54 and Wl95 
(red spheres) are also believed to be involved in the catalytic mechanism. 
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Figure 2.5. General mechanism for inverting glycosidases. Reaction involves a pair of acidic amino acids located -10 A apart, via a 
single displacement mechanism, wherein one carboxyl group acts as a general acid and the other as a general base. In the transition 




where the cleaved mannosyl residue was expected to be, clearly establish the active site for 
this enzyme. Additional evidence is provided by the position of a glycerol molecule intro-
duced during crystal freezing. This molecule is close to the bottom of the active site and the 
calcium ion, suggesting that it could be occupying the binding site for MIO. The absence of 
Ml 0, however, poses a problem - the catalytic acid/base can now only be inferred and can-
not be conclusively identified. The structural data, together with the constraint for the dis-
tance of the carboxylic acids for catalysis to occur, suggested that the only residues possibly 
involved in the catalytic mechanism would be Glu132, Asp275, or Glu435 (Vallee et al., 
2000a,b). Due to the absence ofMlO in the crystal structure, however, the two catalytic 
residues could not be clearly identified. 
Further information on the probable catalytic mechanism became available when the 
human a-mannosidase structures were obtained with the inhibitors 1-deoxymannojirimicin 
and kifunensine at the bottom of the active site. What was interesting with these structures is 
the fact the both inhibitors bind the active site in the 1C4 conformation instead of the more 
energetically favorable 4C1 conformation. This made it reasonable to assume that MIO may 
also bind in the active site in the 1 C4 conformation. Given this ring pucker, it was established 
that Glul32 would then have to be the catalytic acid for the enzyme to be inverting, and 
hence Asp275 or Glu435 would have to be the catalytic base. Since Glu132 is too far away 
from the 02 ofM7 for direct attack, a second water molecule, Wl95, would have to be 
involved in the catalytic mechanism as the acid, suggesting a novel catalytic mechanism for 
this enzyme (Vallee et al., 2000a) (Fig. 2.4c ). 
2.5. Automated Docking 
The prediction of the mode of binding of small molecules in the cavity of a macromolec-
ular target, commonly referred to as automated docking, involves the use of numerous tech-
niques. On the one hand, docking is used to predict how a small molecule of interest will 
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interact with the macromolecular target; if a library of molecules can be tested in this way, 
we have a process for virtual screening of the library with potential applications in drug 
discovery. The other approach deals with building molecules de novo inside a binding site, 
by placing fragments that complement the active site by optimizing molecular interactions 
(Villar and Koehler, 1997). 
Currently available docking algorithms can be categorized into 
1. Methods for docking based on complementarity - DOCK (Kuntz et al., 1982; 
Shoichet and Kuntz, 1993), for example, uses a method that fills the binding-site cavity with 
spheres locally complementary to the macromolecular surface as defined by Connolly 
(1983). A library of three-dimensional structures of small molecules is then searched for 
molecules that match the interatomic distances among the binding-site spheres. 
2. Docking based on energy optimization-This group of tools has a scoring function 
for the ligands based on the energy of interaction between the ligand and the receptor. They 
try to predict the global minimum of the intermolecular energy between the ligand and the 
receptor. GRAMM (Katchalski-Katzir et al., 1992; Vakser and Afalo, 1994; Vakser, 1995; 
Vakser, 1996a,b) and AutoDock (Goodsell and Olson, 1990; Morris et al., 1996, 1998) are 
examples of energy-based methods. 
3. Fragment-based docking-These methods build novel small molecules inside 
defined binding sites by maximizing favorable contacts. Examples are GROW (Moon and 
Howe, 1991), LEGEND (Nishibata and Itai, 1991) and, SPROUT (Gillet et al., 1994). 
AutoDock uses a grid-based protocol for computing the interaction energy with a Monte 
Carlo simulated annealing algorithm, and more recently a genetic algorithm-based method 
for conformational search. It allows for flexibility of the small molecule, while flexibility in 
the receptor is not yet available in the current version. 
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2.6. AutoDock Methodology 
The first AutoDock releases, versions 1.0, 2.2, and 2.4, used the Metropolis method, also 
known as Monte Carlo simulated annealing for docking. The latest version, AutoDock 3.0, 
has three new search methods: a genetic algorithm, a local search method, and an adaptive 
search method based on Lamarckian genetics. The other advance in this version is an empir-
ical binding free energy force field that predicts the binding free energy for docked ligands. 
This force field could not be used, however, as modified parameters for Ca2+ could not be 
obtained. The AMBER force-field parameters (Cornell et al., 1995) available with AutoDock 
2.4 were used instead (Appendix II). 
AutoDock consists of a suite of three C programs: Auto Tors, which defines rotatable 
bonds with the ligand coordinates as input; AutoGrid, which calculates the three-dimensional 
grid of interaction energy based on the macromolecular coordinates; and AutoDock, which 
performs the docking simulation. 
2.6.1 Energy evaluation 
AutoDock precalculates atomic affinity potentials for rapid energy evaluations during 
docking, in the manner described by Goodford ( 1985). The protein is embedded in a three-
dimensional grid and a probe atom is placed at each grid point (Fig. 2.6). The interaction en-
ergy of this atom with the protein is assigned to the grid point. An affinity grid is calculated 
for each atom type in the substrate. An electrostatic grid is calculated similarly by using 
either a point charge of+ 1 as the probe, or a Poisson-Boltzmann finite difference method, 
such as DELPHI (Sharp et al., 1987; Allison et al., 1988). During docking, the energy of 
interaction of a particular substrate configuration is determined by trilinear interpolation of 
the affinity values of the eight grid points surrounding each of the atoms of the substrate. The 
electrostatic energy is evaluated similarly by interpolation of the electrostatic potential of the 
eight grid points and multiplying it with the charge on the atom. This makes the energy cal-
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Fig. 2.6. Grid for energy evaluation. 
culation during docking proportional to only the number of atoms in the substrate and not on 
the protein size. 
In the AutoDock, pairwise-atomic interaction energy (V) is approximated as 
where 
C =_!!!._8rn 
n eqm n-m 
C n s:. m =--ur m eqm n-m 
Here m and n are integers, 8 is the depth of the energy well, and r eqm is equilibrium separation 
of the nuclei of the two atoms. 12-6 Lennard Jones parameters (n = 12, m = 6) have been 
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used to model van der Waals' (1908) forces experienced between two instantaneous dipoles, 
and the 12-10 form of this expression (n = 12, m = 10) has been used to model hydrogen 
bonds. A sigmoidal distant-dependant dielectric function is used to model solvent screening 
(Mehler and Solmajer, 1991): 
B c(r)= A+ -AB 
l+ke r 
where B = e0 -A; e0 (the dielectric constant of bulk water at 25°C) = 78.4; A = -8.5525, A= 
0.003627, and k = 7.7839. No distance cutoff was used to calculate electrostatic interactions. 
2.6.2. Search methods 
AutoDock 3.0 has four search algorithms available for sampling across the conformation-
al, positional, and orientational space of the ligand. The Monte Carlo simulated annealing 
method has been successfully applied to predict the bound conformations of enzyme-inhibit-
or complexes, peptide-antibody complexes, and in one instance of using it imaginatively, 
protein-protein interactions. This method, however, can handle no more than eight degrees 
of freedom, a shortcoming remedied with the genetic algorithm-based search methods devel-
oped in AutoDock 3.0. 
2. 6. 2.1. Simulated annealing: In this method, the protein is static and the ligand performs a 
random walk in the space surrounding it. For the search, the ligand molecule has the fol-
lowing degrees of freedom: translation of its center of gravity, its orientation, and flexibility 
around each of its flexible dihedral angles. At each step in the docking simulation, a small 
displacement is applied to each of its degrees of freedom, and the interaction energy of the 
new configuration is compared with the energy of the preceding step. If the energy of the 
new configuration is lower, it is accepted immediately. If higher, the new configuration may 
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or may not be accepted based on a probability expression dependent upon a user-defined 
temperature, T. The probability of acceptance is given by 
P(M) J <~ J 
where l1E is the difference in energy from the previous step and ks is the Boltzmann constant. 
This distribution function implies that at a high temperature almost all higher energy steps 
are accepted, whereas at lower temperatures fewer higher energy steps are accepted. The 
simulation proceeds in a series of cycles, each at a specified temperature. Each cycle has a 
large number of steps; the number of steps accepted being a function of the current temper-
ature. After a specified number of acceptances or rejections the next cycle is executed at a 
lower temperature, lowered by a specific schedule such as 
where T; is the temperature at cycle i and g is a constant between O and 1. Simulated anneal-
ing allows efficient exploration of a configurational space with multiple minima typical of a 
docking problem. 
2.6.2.2. Genetic algorithm: Genetic algorithms (Holland, 1975) use the principles of Darwin-
ian evolution (Chetverikov, 1926), where a large population with a lot of inherent variability 
is selected for suitable characteristics by its fitness in the environment to which it is subjec-
ted. Variation is generated by interchange of characteristics within the existing genetic pool 
(or crossover) by mating and also the generation of new characteristics by random mutations. 
In molecular docking, each of the ligands' degrees of freedom corresponds to a gene. The 
fitness of each individual is the sum of total intermolecular interaction energy between the 
ligand and the protein, and the intramolecular interaction energy of the ligand. A large initial 
22 
population is generated that uniformly covers the conformational space of the ligand. Ran-
dom pairs of the population are mated using crossover, where the offspring inherit genes 
from either parent. Mutations of the gene pool are also generated for greater efficiency of 
exploration of the conformational space of the ligand. 
In the AutoDock implementation of the genetic algorithm (Morris et al., 1998), the genes 
are a string of real values representing the three cartesian coordinates for the ligand translat-
ion, four variables for the quaternion defining the ligand orientation, and one real value for 
each ligand torsion, in that order. The order of the genes that make up the torsion angles is 
determined by the torsion tree created by AutoTors. 
The genetic algorithm first generates a random population of individuals of a user-deter-
mined size. For each random individual in the population, each of the three translational 
coordinates x, y, and z is given a uniformly distributed random value between the maximal 
and minimal x, y, and z extents of the grid maps, respectively. The four genes defining the 
orientation are assigned a random orientation vector and random rotation angle between 
-180° to + 180°. The torsion angle genes, if any, are assigned random values between -180° 
and +180°. 
The random population generated is then looped over the number of user-defined gener-
ations, repeating until either the maximal number of generations or the maximal number of 
energy evaluations is reached. A generation consists of five steps: mapping a fitness evaluat-
ion, selection, crossover, mutation, and elitist selection. Mapping translates genotype of each 
individual in the population to its corresponding phenotype - the three-dimensional Cartesian 
coordinates for the ligand. The phenotype of the ligand allows its fitness to be evaluated. The 
fitness of the gene is the sum of the intermolecular interaction energy between the protein 
and the ligand and the intramolecular interaction energy of the ligand. Every time the energy 
is evaluated for an individual, a count of the total number of energy evaluations is incremen-
ted. This is followed by a process of selection to determine which individuals in the populat-
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ion will reproduce. Individuals with a fitness value above the average have a greater chance 
of reproduction. The number of offspring to an individual is assigned as 
n0 = (jw - J;)/(fw- (/)) 
fw *(/) 
where n0 is the number of integer offspring allocated to an individual,/; is the fitness of the 
individual (the energy of the ligand),/w is the fitness of the worst individual (highest energy 
of an individual in the last N generations, where N is user-defined), and(/) is the mean fit-
ness of the population. A check is made forfw =(/)and if true, the population is assumed to 
have converged and the docking is terminated. 
Crossover is then performed on random members of the population in user-defined rates. 
Two-point crossover is used with breaks occurring between genes. Both parents' chromo-
somes are broken into three pieces at the same position and one fragment is exchanged 
between the two. After this the population is subjected to random mutations. Mutation is 
performed by adding a random real number that has a Cauchy distribution to the real-valued 
gene variable (Hart, 1994 ). The distribution is given by 
/3 
C(a,/3,x)= 7T~1'-(x- a)') 
where a ~ 0, f3 > 0, - oo < x < oo, and a and f3 are parameters that affect the distribution mean 
and spread. The Cauchy distribution has a bias toward small deviates but, unlike the 
Gaussian distribution, has thick tails that enable it to generate large changes occasionally. 
Elitism is an optional user-defined parameter that defines how many of the top individu-
als automatically survive into the next generation. If non-zero elitism is specified, the new 
population that results from selection, crossover, and mutation is sorted according to its fit-
ness and the best n individuals are selected. 
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2.6.2.3. Lamarckian genetic algorithm (LGA): "Lamarckism" or "Lamarckianism" is now 
often used in a rather derogatory sense to refer to the theory of evolution that traits acquired 
in an individual's lifetime can be passed down to the progeny (Lamarck, 1914). The LGA 
uses a local search algorithm at the end of the global search performed by the genetic algo-
rithm, and the results of the local search are inherited by the offspring; hence the allusion to 
Lamarck (Fig. 2. 7). 
The local search method is based on the work of Solis and Wets (SW) (1981) and has the 
advantage that the gradient information of the local energy landscape is not essential, thus 
facilitating torsional space search. In addition, the search algorithm is adaptive; the step size 
is modified depending upon the recent history of energies. A user-defined number of 
consecutive increases in the energies cause the step size to be doubled, and conversely, a 
user-defined number of consecutive decreases in the energies causes the step size to be 
halved. Another interesting feature of the SW method is that the search is performed through 
the genotypic space rather than the more typical phenotypic space. This saves the effort of 
inverse mapping from the genotypic to the phenotypic space. The algorithm nevertheless 
qualifies as Lamarckian because the adaptations acquired during the local search are 
inherited by the offspring. 
A slightly modified version of the SW method has also been implemented in AutoDock. 
In the canonical SW algorithm the same step size is used for every gene. However, a change 
of 1 A in the translation gene would be much more significant than a change of 1 ° in the tor-
sion (Morris et al., 1998). The algorithm was hence modified for greater search efficiency to 
allow different step sizes for different genes. 
2.9. Applications of AutoDock 
AutoDock 2.4 successfully reproduced crystallographically determined positions of lig-
ands with up to eight degrees of torsional freedom (Goodsell and Olson, 1990). Structures of 
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Figure 2.7. The Lamarckian Genetic Algorithm. The figure illustrates genotypic and phenotypic search, and 
contrasts Darwinian and Lamarckian searches. The space of the genotypes is represented by the lower horizontal 
line, and the space of the phenotypes is represented by the upper horizontal line. Genotypes are mapped to 
phenotypes by a developmental mapping function. The fitness function isf(x). The result of applying the genotypic 
mutation operator to the parent's genotype is shown on the right-hand side of the diagram, and has the 
corresponding pheno- type shown. Local search is shown on the left-hand side. It is normally performed in 
phenotypic space and employs information about the fitness landscape. Sufficient iterations of the local search 
arrive at a local minimum, and an inverse mapping function is used to convert from its phenotype to its 
corresponding genotype. In the case of molecular docking, however, local search is performed by continuously 
converting from the genotype to the phenotype, so inverse mapping is not required. The genotype of the parent is 
replaced by the resulting genotype, however, in accordance with Lamarckian principles (Morris et. al., 1998) (by 




intermediates in the reaction cannot be determined by x-ray crystallography, but their inter-
actions with the protein are usually important for determining the reaction pathway- a prob-
lem that can be resolved by computational docking. For example, the steps along the reaction 
pathway for aconitase were revealed by docking cis-aconitate, an intermediate in the format-
ion of isocitrate from citrate. AutoDock generated four low-energy conformations of cis-
aconitate, of which one was similar to the isocitrate conformation and one was similar to the 
citrate conformation. These were postulated to be the two catalytic binding modes of cis-
aconitate, one leading to citrate and the other to isocitrate (Goodsell et al., 1993). 
AutoDock has also been used as a tool in x-ray structure determination. Given the elec-
tron density of the ligand, AutoDock can help narrow down the conformational possibilities 
to identify a good structure. For instance, in determining the structure of isocitrate dehydrog-
enase complexed with isocitrate, the electron density of isocitrate was somewhat ambiguous. 
The lowest-energy conformation predicted by AutoDock matched the observed electron den-
sity for isocitrate, and this result was used to validate their selection of the isocitrate confor-
mer reported by them (Stoddard and Koshland, 1993). AutoDock was used in the develop-
ment of non-peptide inhibitors of HIV-1 protease as a part of the rational drug design cycle 
(Lunney et al., 1994; Vara Prasad, 1994). 
The most interesting applications are the ones that overcome the limit on the maximal 
number of torsional angles supported by AutoDock, by careful experimental design. Hepta-
peptide binding to a Fab of an antibody raised against myoerethrin and even protein-protein 
interactions have been predicted. In the case of the heptapeptide, the central dipeptide was 
docked first, and amino acids were then added one at a time to each end and flexibly docked, 
restraining the center to the conformation predicted by previous docking simulations (Fried-
man et al., 1994). Stoddard and Koshland (1992) reported a clever use of AutoDock to pre-
dict the binding side of maltose-binding protein (MBP) to the ligand-binding domain of the 
aspartate receptor. Two octapeptides on the surface ofMBP were chosen on the basis of 
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mutational studies as good candidates for binding. Only the side chains were allowed flexi-
bility while the main chain was kept rigid. Remarkably, the relative positions of the docked 
octapeptides could be superimposed on the MBP structure, thus predicting the entire protein-
receptor complex. More recently, AutoDock 3.0 has been used to dock glucosyl trisacchar-
ides and maltopentaose into the soybean P-amylase active site, the large size of the docked 
substrate made possible by the genetic algorithm, which is capable of handling a larger 
number of torsional degrees of freedom. From the results of the docking, a substrate binding 
mechanism was postulated for P-amylase, wherein the substrate first binds to an open flap 
adjacent to the active site, which is then steered into the site with the flap closing behind it 
(Laederach et al., 1999; Rockey et al., 2000). 
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CHAPTER 3. COMPUTATIONAL METHODS 
3.1. Multiple Sequence Alignment 
The multiple sequence alignment followed by mapping onto the three-dimensional struc-
ture of yeast a-1,2-mannosidase was accomplished using the MSA3D tool of Protein Explor-
er (Martz, 2001 ). The residues were colored in the alignment of the basis of conservation. In 
calculating conservation, the amino acid residues were divided into several groups based on 
chemical properties and structural similarity of their side chains as follows: alanine/isoleu-
cine/leucine/methionine/valine (A/I/LIMN), phenylalanine/tryptophan/tyrosine (F /W N), 
arginine/histidine/lysine (R/H/K), aspartic acid/glutamic acid (D/E), serine/threonine (S/T), 
and asparagine/glutamine (N/Q). Glycine (G), proline (P), and cysteine (C) were not grouped 
with any other amino acid because of the unique roles they play in a protein's folding into its 
tertiary structure. A residue had to be 100% identical or similar to be considered conserved. 
3.2. Docking 
All hydrogen atoms were explicitly modeled in both the protein and the ligands in this 
study, with polar hydrogens being treated differently than non-polar hydrogens. Polar hydro-
gens were assigned 12-10 hydrogen bonding parameters whereas as non-polar hydrogens 
were assigned Lennard-Jones 12-6 parameters. Hydrogens were added to the PDB file 1DL2 
followed by a small minimization run to optimize the hydrogen positions using CHARMM 
(Brooks et al., 1983). All waters were removed while docking. Partial charges were assigned 
to the protein atoms using all-atom charges of the AMBER force field (Cornell et al., 1995). 
Atomic solvation parameters and fragmental volumes of the atoms were added using the 
AddSol program provided in the AutoDock suite. 
In the testing phase of our study, where the inhibitors were docked into the enzyme, the 
inhibitor structures were first isolated from the crystal coordinates of the human a.-1,2-
mannosidase. Hydrogens were added using BABEL (Walters and Stahl, 1992-1996) and 
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partial charges for the inhibitors as well as the mannosyl substrates were generated using 
MOPAC (Stewart, 1990). Rotatable bonds of the ligand were defined using the AutoTors 
module of AutoDock. 
The grid maps for van der Waals and electrostatic energies were prepared using AutoGrid 
version 3.0 (Morris et al., 1998). The grid generated had 101 X 101 X 101 points spaced at a 
distance of 0.375 A. The grid was centered on the Ca2+ ion at the base of the active site. 
AMBER force-field parameters were used for evaluating non-bonded interaction energies 
(Cornell et al., 1995). Electrostatic interactions were evaluated using a distance-dependent 
dielectric constant to model solvent effects. 
For the LGA, the size of the initial random population was 50 individuals, the maximal 
number of energy evaluations was 1.5 X 106, the maximal number of generations was 80, the 
number of top individuals that survived into the next generation, the elitism, was 1, the prob-
ability that a gene would undergo a random change was 0.02, the crossover probability was 
0.80, and the average of the worst energy was calculated over a window of ten generations. 
For local search, the pseudo-Solis and Wets method was used (Solis and Wets, 1981; 
Morris et al., 1998). The parameters used for local search were a maximum of 300 iterations 
per local search, the probability of performing a local search on an individual was 1.0, the 
maximal number of consecutive successes or failures before doubling or halving the step size 
of the local search was 4, and the lower bound on the step size, 0.01, was the termination crit-
eria for the local search. A total of 100 <lockings were performed in each docking run. In the 
analysis of the docked conformations the clustering tolerance of the root mean square 
positional deviation was 1.0 A. For the docking of the inhibitors DMJ and KIF, their crystal 
coordinates were used as reference. For the disaccharide <lockings the crystal coordinates of 
DMJ and M7 were used as reference. 
The main aim of this docking study is to determine the bound conformation of mannose 
in the tube of the active-site funnel in order to identify the catalytic residues. Therefore, what 
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was needed was a local search of the conformational space inside this tube. However, a 
global search was expected to yield interesting results too. Therefore, in order to suit our 
specific docking needs, we increased the local search character of the LGA by making the 
probability of local search 1.0, and reduced the global search character by keeping the max-
imal number of generations over which the genetic algorithm is looped to 80. Also, to reduce 
the search of meaningless conformational space, the initial conformation of the docked lig-
and was placed in the tube of the active-site funnel by superimposing it on the crystal 
coordinates ofDMJ or KIF. 
All the docking jobs were run on an SGI Origin 2000 with a 300-MHz MIPS R12000 
processor and 1 GB of memory running IRIX 6.5. 
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CHAPTER 4. RESULTS AND DISCUSSION 
4.1. Multiple Sequence Alignment 
A multiple sequence alignment of the a-1,2-mannosidase family, consisting of a rep-
resentative set of enzymes that have been experimentally established as exhibiting a-1,2-
mannosidase activity, was conducted (Fig. 4.1 ). The alignment, involving eleven a-1,2-
mannosidase sequences, covers eukaryotic mammalian (murine, human, Oryctolagus cun-
iculus, Sus scrofa ), fungal (Aspergillus phoenicis, Penicillium citrinum, S. cerevisiae ), and 
insect (Drosophila melanogaster, Spodoptera frugiperda) enzymes (Henrissat and Bairoch, 
1993). The regions of complete conservation in the family are mapped onto the crystal struc-
ture of the yeast a-1,2-mannosidase (Vallee et al., 2000b) (Fig. 4.2). 
The active site of the enzyme is like a funnel, constricted at the neck, with the end of its 
tube blocked by a Ca2+ ion. The putative catalytic residues and the scissile glycosidic bond 
are close to the neck of this funnel. Of the total solvent-exposed area of the enzyme, this 
enzyme family shows strict conservation (100%) only in the tube and neck region of the 
active-site funnel. The interior of the enzyme also is highly conserved (Fig. 4.2). The resi-
dues of the tube interact with the terminal a-mannosyl residue that is cleaved by the enzyme 
(Vallee et al., 2000b ), and the predominantly hydrophobic residues of the protein interior are 
involved in maintaining the three-dimensional fold of the enzyme. 
a-1,2-Mannosidase is a crucial enzyme for the cell. It is involved in the quality control of 
the folding of newly synthesized polypeptides in the ER and in the post-translational modi-
fication of the synthesized proteins in the ER and Golgi apparatus (Ellgaard et al., 1999). As 
a result, evolutionary pressure on this enzyme seems to have conserved only the key areas of 
the active site. Even though only the inner-tube residues of the active-site funnel are fully 
conserved, the interactions they provide seem to be sufficient to activate the substrate for hy-
drolysis. Activation of the substrate by glycosyl hydro lases typically involves ring flattening 
* * 
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Figure 4.1. Amino acid sequence alignment of Class I a-1,2-mannosidases.Representative sequences of the catalytic domains of enzymes 
with established a-1,2-mannosidase activity are shown. The alignment covers mammalian, insect, and fungal sequences. The coloring 
scheme adopted here is based on conservation. For the purpose of conservation calculations the following residues were considered similar 
and colored as indicated in the parenthesis: A, I, L, M, V (yellow); F, W, Y (orange); H, K, R (blue); D,E (red); S,T (cyan); N,Q (magenta). 
C, G, P (green) were treated separately because of the unique role they play in determining the three-dimensional fold of proteins. The '*' 
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Figure 4.2 Three-dimensional multiple sequence alignment. Figures show the results of the multiple sequence alignment mapped onto the the three-
dimensional structure of yeast a-1 ,2-mannosidase. A residue had to be 100% identical ( dark green) or similar (light green) to be considered conserved. 
Unconserved residues are indicated in yellow. For the conservation calculations amino acid residues were grouped as outlined in Figure 4.1. The high-
mannose oligosaccharide substrate (CPK colors) in the stick representation and the calcium (blue) are also shown for reference (a) 'Identical' and 
'similar' residues are shown as space-filling spheres, while the portions of the backbone in yellow belong to the unconserved portions of the protein. (b) 
All the residues are shown as space-filling spheres. Comparison of (a) and (b) shows that the conserved residues are predominantly in the interior of the 




at the C 1 position of the cleaved glycosyl residue together with, in some cases, ring distortion 
to a less energetically favorable conformation than that seen in solution (McCarter and With-
ers, 1994; Rye and Withers, 2000). In the yeast and human a-1,2-mannosidases, activation 
involves both ring flattening at the Cl position of the mannosyl residue as well as its dis-
tortion to the energetically less favorable 1 C4 conformation (Vallee et al., 2000a,b ). 
Glycosyl hydro lases are, in general, very specific with regard to the glyconic end of the 
scissile bond and some are even specific for the aglycone (Fig. 4.3). a-1,2-Mannosidase is 
specific for both a-1,2-linked mannosyl residues. Since conservation in the active site is 
restricted to the neck and tube, the determinants for the specificity for the aglycone therefore 
should reside in the neck region. In the yeast mannosidase, the conserved residue Asp275 
forms hydrogen bonds with the 03 and 04 hydroxyls ofM7, thus securely anchoring the 
substrate for the reaction to occur (Fig. 4.4). These hydrogen bonds cannot form if the 
nonreducing-end mannosyl residue is linked by an a-1,3, a-1,4, or a-1,6 bond to the next 
mannosyl residue in the substrate. This might explain why the D275N mutant of the S. cere-
visiae enzyme had very low a-mannosidase activity compared to the wild-type enzyme {Lip-
ari and Herscovics, 1999). 
Hydrophobic packing interactions between the conserved aromatic residue Phe131 and 
the C4, C5, and C6 atoms ofM7 and between the conserved Leu338 and the C2 and C3 
atoms of M7 also seem to be playing an important role in stabilizing the M7 residue (Fig. 
4.4). To have a negative free energy of binding, the interaction energy between the ligand 
and the enzyme should compensate for the loss in salvation energy due to binding and also 
due to loss in entropy. The active site, being rich in acidic amino acid residues, can replace 
the hydrogen bonding network supplied by water. Binding to the active site of the enzyme 
also supplies a hydrophobic environment for the nonpolar carbon atoms of the ligand (Fig. 
4.4), and could be key to causing the negative free energy of binding. 
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Figure 4.3. Glycoside nomenclature. 
Figure 4.4. Specificity for the aglycone. Interactions between M7 and residues in the 
neck of the active-site funnel of the enzyme that stabilize M7 are shown. Conserved 
residues that interact with M7 are shown in green while the non-conserved residues are 
shown in yellow. Important hydrophobic packing interactions and hydrogen bonds are 
indicated in the figure. Distances are in A. 
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4.2. Automated Docking 
AutoDock gives in detail the energetics of the interaction between the ligand and the 
enzyme, even for cases that are not physically possible, and therefore much interesting infor-
mation can be obtained by docking studies. 
The following ligands were chosen for docking: 1-deoxymannojirimycin (DMJ), 1-de-
oxynojirimycin (DNJ), kifunensine (KIF), a-D-galactopyranose (Gal), a-D-glucopyranose 
(Glc), a-D-mannopyranose (Man), a-D-galactopyranosyl-(1 ~2)-a-D-mannopyranose (Gal-
1,2-Man), a-D-glucopyranosyl-(1 ~2)-a-D-mannopyranose (Glc-1,2-Man), and a-D-man-
nopyranosyl-(l ~2)-a-D-mannopyranose (Man-1,2-Man) (Fig. 4.5). Most of these structures 
were docked in more than one conformation for the reasons explained below. 
Crystal structures of the human a-1,2-mannosidase have been obtained complexed with 
DMJ and KIF (Vallee et al., 2000a). To validate the docking method, we docked DMJ and 
KIF in the 1 C4 conformation, as observed in the crystal structure, to see if their docked struc-
tures agree with the experimental structures. 
Since both DMJ and KIF are more stable in the 4C1 conformation than the 1C4 conformat-
ion in solution (Vallee et al., 2000a), DMJ was also docked in the 4 C1 conformation also to 
study in atomic detail the reason for the preference of the active site for a higher-energy con-
formation. Furthermore, DMJ, an analogue ofD-mannopyranose, inhibits a-1,2-mannosid-
ase, whereas DNJ, an analogue of D-glucopyranose, does not (Vallee et al., 2000a). DMJ is a 
C2-epimer ofDNJ, and apparently this difference in the spatial orientation of one functional 
group is sufficient to make the former an inhibitor while the latter shows no inhibition. DNJ 
was docked both in the 1 C4 and 4 C1 conformations to obtain insights into the nature of the 
fine-tuning in the active site that enable it to differentiate between different closely related 
molecules and between two conformations of the same molecule. Gal, Glc, and Man were 
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Figure 4.5. Ligands selected for docking: (a) 1-deoxymannojirimycin (DMJ); (b) 1-deoxynojirimycin 
(DNJ); (c) kifunensine (KIF); (d) a-D-galactopyranose (Gal); (e) a-D-glucopyranose (Glc); (t) a-D-
mannopyranose (Man); (g) a-D-galactopyranosyl-(1---),2)-a-D-mannopyranose (Gal-1,2-Man); 
(h) a-D-glucopyranosyl-(1---).2)-a-D-mannopyranose (Glc-1,2-Man); (i) a-D-mannopyranosyl-(1---),2)-
a-D-mannopyranose (Man-1,2-Man). 
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Enzymes are catalysts of high efficiency, which they achieve by offering an environment 
that stabilizes the transition state of the substrate, thus significantly decreasing the activation 
energy for the reaction. Glycosidic bond hydrolysis takes place via an oxocarbenium-ion-like 
transition state with an absolute stereochemical requirement for the planarity of Cl, C2, CS, 
and 05 atoms of the nonreducing-end residue (Sinnott, 1998). For the 1C4 conformation the 
planarity requirement can be satisfied by ring flattening at the C 1 position, resulting in the 
formation of the £4 conformation. To understand the nature of transition-state stabilization in 
the a-1,2-mannosidase, the disaccharides Gal-1,2-Man, Glc-1,2-Man, and Man-1,2-Man 
were docked into the active site. Each of these ligands was docked two ways, with the non-
reducing-end residue in the 4C1 and the E4 conformations. In both cases the reducing-end 
mannosyl residue was in the relaxed 4 C1 conformation. 
4.2.1. Validation of the docking procedure 
The first step was to validate our method by docking DMJ and KIF in the active site of 
the yeast crystal structure to check for agreement with the observed structures. Since the 
active sites of the two enzymes are practically the same, human mannosidase was superim-
posed on the yeast structure to obtain the corresponding positions of KIF and DMJ in the 
yeast enzyme to compare the accuracy of the docking process. The lowest-energy docked 
structure of the 1C4 conformation of KIF has a final docked energy of-107.0 kcaVmol; it 
docked with a root mean square deviation (RMSD) of 0.72 A to the crystal structure (Fig. 
4.6, Table 4.1). Similarly, docking of the same conformation ofDMJ gave a final docked 
energy of -95.0 kcaVmol and an RMSD of 0.62 A from the crystal structure (Fig. 4.6, Table 
4.1 ). The agreement was sufficiently good to proceed with the docking of other molecules 
into the enzyme active site. 
In AutoDock, the total docked energy is the sum of the total nonbonded intermolecular 
interaction energy between the ligand and the macromolecule and the nonbonded intramol-
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(a) (b) (c) 
Figure 4.6. Docking of inhibitors. (a) 1-deoxymannojirimycin (DMJ); (b) 1-deoxynojirimycin (DNJ); (c) 
kifunensine (KIF). Docked inhibitors (gray) shown with reference to the position of the bound inhibitors 
in the crystal structure (red). The docked structure of DNJ is shown with reference to crystal DMJ. 
Figure 4.7. Interactions stabilizing the 1C4 conformation of inhibitors. Figure shows the coordination of 
the 02 and 03 atoms of KIF (orange) and DMJ (green) by the calcium ion (gray) in the crystal structure of 
human a-1,2-mannosidase. 02 and 03 also form hydrogen bonds with Thr525 and Glu503, respectively, 
and provide most of the energy for stabilizing the I C4 conformation. Distances are in A. 
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Table 4.1. Results of inhibitor, monosaccharide, and disaccharide docking. 
Ligand Conform- No. of Cluster Lowest energy RMSD of lowest 
ation maJor ranka (kcal/mol) energ/ (A) 
clusters 
DMJ 1C4 2 1 -95.00 0.62 
DMJ 4C1 9 6 -77.70 1.29 
DNJ 1C4 4 1 -88.48 1.31 
DNJ 4C1 6 1 -91.10 1.52 
KIF 1C4 1 1 -107.00 0.72 
Gal 1C4 5 1 -86.13 1.96 
Gal 4C1 4 2 -91.71 1.82 
Glc 1C4 6 1 -85.44 0.95 
Glc 4C1 5 2 -80.41 1.91 
Man 1C4 5 2 -84.25 0.82 
Man 4C1 9 1 -93.01 1.98 
Gal-1,2-Man 1C4 3 1 -141.00 1.92 
Gal-1,2-Man E4 3 1 -137.40 1.01 
Glc-1,2-Man 1c4 3 1 -146.79 1.74 
Glc-1,2-Man E4 4 1 -137.24 1.37 
Man-1,2-Man 1C4 4 1 -136.75 1.89 
Man-1,2-Man E4 3 1 -153.03 0.80 
a This refers to the cluster that docks in the tube of the active-site funnel. Clusters with lower 
energy that dock outside the tube, if they exist, are not reported. 
b 1-A RMSD cluster tolerance, based on the crystallographic coordinates ofDMJ (inhibitors 
and mono saccharides) or DMJ and M7 ( disaccharides ). 
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ecular energy of the ligand. An interesting point to be noted in these docked structures is the 
very high interaction energies of the hydroxyl groups at the C2 and C3 positions of the inhib-
itors with the enzyme (Fig. 4.7). In the lowest-energy docked structure ofDMJ, they contrib-
ute -25.0 kcal/mol, almost 27.5% of the total interaction energy and 26.3% of the total dock-
ing energy ofDMJ with the mannosidase. Equivalent values with KIF are -22.7 kcaVmol, 
22.7%, and 21.2%. Both these hydroxyl groups are coordinated by the Ca2+ ion present at the 
bottom of the tube of the active-site funnel. Thus, the Ca2+ ion plays a very important role in 
the stabilization of the energetically unfavorable 1 C4 conformations of these inhibitors. An-
other point to be noted is that the activation energy for the transformation of mannose from 
the 4C1 to the 1C4 conformation is 12-14 kcaVmol (Dowd et al., 1994), so these interactions 
alone may contribute significantly to causing the observed ring pucker. 
DNJ, an analogue of Glc, does not have any inhibitory action on a-1,2-mannosidase 
(Vallee et al., 2000a). DNJ was docked into the active site of the enzyme in the 1C4 confor-
mation to compare with the docking energy ofDMJ. The lowest-energy docked structure of 
DNJ has a total docking energy of -88.5 kcal/mol with an RMSD of 1.31 A with the crystal 
structure ofDMJ. This energy is higher than the docking energy ofDMJ and not sufficient to 
compensate for the loss of entropy and salvation energy incurred by it upon binding, i.e. its 
free energy of binding is not negative. 
4.2.2. Analysis of inhibitor and monosaccharide docking simulations 
For the purpose of analysis the docked ligands were separated into two groups: 1) the 
inhibitors and monosaccharides DMJ, DNJ, Gal, Glc, and Man, and 2) the glycosyl disacc-
harides Gal-1,2-Man, Glc-1,2-Man, and Man-1,2-Man. 
Inhibitors and monosaccahrides were docked into the active site in the 1C4 and 4C1 con-
formations to understand the specificity of the active site for mannosyl residues and to study 
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the reason underlying its preference for the less stable 1 C4 conformation over the more stable 
4 C1 conformation. Results of these simulations are summarized in Table 4.1 and Fig. 4.8. 
Of the various ligands docked, DMJ in the 1 C4 conformation has the next to lowest 
docking energy, -95.0 kcal/mol, and it also has the best fit with an RMSD of 0.62 A, thus 
explaining its inhibitory action. DMJ in the 4C1 conformation has a much higher docking 
energy, the difference being higher than the difference in the conformational energy of the 
4C1 and the 1C4 conformations (-4 kcal/mol), thus making the 1C4 conformation more stable. 
DNJ in both 1C4 and 4C1 conformations docks with a higher energy than the docked 
energy of DMJ in the 1 C4 conformation, the difference being apparently significant enough to 
make the free energy of binding between DNJ and the enzyme non-negative. 
The most interesting results were obtained by docking Man in the active site. DMJ is a 
substrate analogue of Man, hence its docking energy was expected to be comparable to that 
of the DMJ docking energy. Also for the same reason, the 1C4 conformation of Man was ex-
pected to dock better than the 4C1 conformation. However, the results obtained are contrary 
to both expectations. 
For Man in the 1 C4 conformation, the lowest-energy docked structure, with an energy of -
93.0 kcal/mo 1, does not dock in the tube of the active-site funnel. Instead, it docks just 
outside the neck of the funnel away from M7. This docked structure hydrogen-bonds with 
Asp61, Trp82, Arg136, and Glu497. None of these residues except Arg136 are conserved, 
implying that this binding site is not unique across the family of a-1,2-mannosidases. How-
ever, the second lowest-energy cluster did dock very close to DMJ in the crystal structure, 
with a RSMD of 0.82 A and an energy of -84.3 kcal/mol. This is much higher than the 
docking energy ofDMJ (-95.0 kcal/mol). DMJ is a substrate analogue of mannose without a 
hydroxyl group at the Cl position. An investigation of the docked structures reveals that the 
extra hydroxyl group at the C 1 position of mannose causes a steric hindrance that makes it 
move away from the DMJ structure, leading to a higher interaction energy. 
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(a) (c) 
(d) (e) (f) 
(g) (h) (i) 
U) 
Figure 4.8. Docking of inhibitors and monosaccharides. (a) DMJ-1C4; (b) DMJ-4C1; (c) DNJ-IC4; 
(d) DNJ-4C1; (e) Gal- 1C4; (f) Gal-4C1; (g) Glc- 1C4; (h) Glc-4C1; (i) Man- 1C4; U) Man-4C1.. All 
docked structures (gray) are compared with the crystal coordinates ofDMJ (red) 
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The lowest-energy docked structure of Man in the 4C1 conformation has an energy of-
93.0 kcal/mol, close to the docking energy ofDMJ in the 1C4 conformation, and is located in 
tube of the active-site funnel. It, however, is oriented with the hydroxyl group of the C6 
carbon at the neck of the active-site funnel. In fact, no Man in the 4C1 conformation docked 
with a low energy in the active site with the Cl hydroxyl group correctly oriented at the fun-
nel neck, a condition necessary for it to be linked by an a-1,2 bond with the next mannosyl 
residue in the substrate. This explains why the trimmed mannosyl residue is in the 1 C4 and 
not the 4C1 conformation. 
A closer examination of the active site helps to explain why it prefers the 1C4 to the 4C1 
conformation. The Man-4C1 conformation has most of its ring substituents in the equatorial 
position, making the molecule more extended and flat compared to Man-1 C4, which h~s its 
ring substituents predominantly in the axial position, thus making it more compact and 
globular. The neck of the active-site funnel is constricted and just wide enough for the 
globular Man-1C4 to squeeze through, while Man-4C1 cannot (Fig. 4.9). Two salt bridges on 
either side of the opening, Glu132-Arg136 and Glu399-Arg433, stiffen the opening and 
reduce its flexibility. 
Glc and Gal, C2 and C4 epimers of Man respectively, bind with higher energies than 
DMJ-1 C4. The docked structures explain the higher energies. The active site is delicately 
carved for complementarity to Man-1 C4 . The different spatial orientations of the 02 and 04 
atoms in Glc and Gal, respectively, offer steric hindrance, causing them to be reoriented in 
such a way that the hydrogen bonding pattern is not as efficient as in the case of Man-1 C4• 
4.2.3. Analysis of disaccharide docking simulations 
A flattening of the ring at the Cl position ofDMJ was suggested by Vallee et al. (2000a) 
for it be able to form an a-1,2 bond with M7. Flattening of the ring at the Cl position in the 




Figure 4.9. Dimensions of the neck of the active site. Figures (a) and (b) show how the narrowness of the active-site opening selects for the more 
compact 1C4 conformation of the terminal mannosyl residue. (a) The 02 ofM7 is shown in red. The rest of the substrate is colored yellow. DMJ is 
shown in green with its Cl atom as a sphere and Ca2+ in gray. Glu132-Arg136 and Glu399-Arg433 form salt bridges that stiffen the active-site ope-
ning. The dimensions shown in (b) are approximated along the plane of the opening and are not along the plane of the sugar ring. The mannosyl 




Man, Glc-1,2-Man, and Man-1,2-Man were docked with the nonreducing-end mannosyl 
residue in the 1 C4 and E4 conformations. In each case the reducing-end mannosyl residue was 
in the relaxed 4C1 conformation. The disaccharide with the nonreducing end in the £4 confor-
mation would therefore mimic the transition state of the enzyme. 
The results of the docking simulations are summarized in Table 4.1. The energy values 
obtained by docking Man-1,2-Man clearly establish the transition-state stabilization achieved 
by the active site through its complementary shape and the precise positioning of the hydro-
gen bonds. In case ofMan-1,2-Man, the E4 conformation docks with a lower energy than the 
1C4 conformation; this is not the case in the docking simulations of Gal-1,2-Man and Glc-1,2-
Man. This implies that even if Gal-1,2-Man and Glc-1,2-Man make it into the active site, 
there will not be any deformation to the E4 conformation and hence no activation of the 
substrate for hydrolysis. Only Man-1,2-Man in the E4 conformation can closely overlay the 
crystal structures of both DMJ and M7 in the active site (Fig. 4.10), as is evident from their 
low RMSD values. 
4.3. Catalytic Mechanism 
There was some ambiguity with the identification of the catalytic acid/proton donor and 
base/nucleophile from the crystal structures of the human and yeast mannosidases (Vallee et 
al., 2000a,b). The results of the docking of Man-1,2-Man in the transition state clearly estab-
lish the identity of these: Glu132 is the catalytic proton donor and Glu435 is the catalytic 
base (Fig. 4.11). As suggested by Vallee et al. (2000b), a water molecule, W195, appears to 
mediate proton donation, since Glu132 is not within hydrogen-bonding distance of the 02 
atom ofM7. Another possibility could be the movement of Glu132 within hydrogen-bonding 
distance of the 02 atom. This, however, does not seem likely because Glu 132 is anchored 
in place by a salt bridge with Argl 36 that would restrict its motion. The water molecule 





Figure 4.10. Docking of glycosyl disaccharides. (a) Gal-1C4-1,2-Man; (b) Gal-£4-1,2-Man; (c) Glc-
1C4-l,2-Man; (d) Glc-£4-1,2-Man; (e) Man-1C4-1,2-Man; (f) Man-£4-1,2-Man. Man-£4-1,2-Man fits 
best with respect to both DMJ (red) and M7 (blue). 
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Figure 4.11. Catalytic mechanism. As seen in the figure, the position of the docked 
Man-£4-1,2-Man (gray) clearly establishes the identity of the catalytic acid (Glu132) 
and base (Glu435) . Distances are in A. 
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to the C 1 of the nonreducing-end mannosyl residue for nucleophilic attack. As seen in the 
figure, Asp275 is not within hydrogen bonding distance of W54 and hence is ruled out as the 
catalytic base. W54 also coordinates with the Ca2+ ion; hence calcium has a more direct role 
in catalysis than stabilizing the 1 C4 conformation of the terminal mannosyl residue. Given the 
above mechanism, we can see that kifunensine does not mimic the transition state of the 
substrate. However, it does bind in the active site because of its favorably positioned 02 and 
03 hydroxyl groups. 
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CHAPTER 5. CONCLUSIONS 
Experimental techniques such as X-ray crystallography give us snapshots of the thermo-
dynamically stable equilibrium states for the molecule(s) under study. To elucidate reaction 
mechanisms, chemists often have to come up with new techniques in order to trap reaction 
intermediates, to get an idea of the mechanism. The strength of computational tools, such as 
AutoDock, lies in their ability to help visualize even physically impossible cases. Several 
new insights into the catalytic mechanism, transition-state stabilization, and substrate specif-
icity of a-1,2-mannosidases were gained as a result of this study through docking of several 
non-substrate ligands into the active site of the enzyme. 
Through the docking of several different monosaccharides into the active site of the 
enzyme, it was possible to unveil the mechanism of selection for the 1 C4 conformation by the 
enzyme. Substrate specificity in enzymes is achieved through a combination of complemen-
tarity in the shape of the active site for the substrate, and strategically placed hydrophobic or 
hydrophilic residues in the active site for optimizing interactions with the substrate. In addit-
ion, as in evident in the case of the a-mannosidase, the active site can also select for a partic-
ular conformation from the huge set of conformations that the sugar ring can adopt. To ex-
tend the lock and key analogy suggested by Emil Fischer, what we have here is a flexible key 
with only one of its flexible states fitting into the lock. a-1,2-Mannosidase is a slow-acting 
enzyme, and it has been suggested (Helenius, 1994; Liu et al., 1999) that this slow action acts 
as a timer for glycoprotein degradation. It is possible that enzyme is slow due to its 
preference for the 1 C4 conformation, and through the process of evolution nature has selected 
for the slower enzyme to aid it in its role in glycoprotein degradation. 
Through the docking of the synthesized transition state of the enzyme, it was possible to 
unambiguously identify the catalytic residues of the enzyme; Glu435 is the catalytic base 
abstracting a proton from the water molecule W54 in the crystal structure, and Glu132 is the 
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catalytic acid. As suggested by Vallee et al. (2000a), a second water molecule Wl 95 does 
indeed seem to be involved in the catalytic mechanism. Glu132 at a distance of 4.3 A for the 
oxygen atom of the scissile bond is too far for direct attack. W195 is suitably positioned to 
mediate the proton transfer from Glu132. 
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APPENDIX I. CARBOHYDRATE NOMENCLATURE 
The acyclic form of a monosaccharide is of higher energy than the cyclic furanose or 
pyranose form arising from the intramolecular addition of a hydroxy group onto the carbonyl 
group. The cyclization of a monosaccharide through hemiacetal formation converts the car-
bonyl C-atom into an additional asymmetric C-atom. The anomers are designated a or p 
according to the position of the hydroxy group on the anomeric C-atom (the anomeric hy-
droxy group is also called the lactol group.) In the D-series, the hydroxy group projects above 
the ring of the plane with the P-configuration, while with the a-configuration it projects 
below the ring of the plane as shown below: 
FURANOSES PYRANOSES 
HOl-oJH 
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Conformations of the pyranose ring: Cyclohexane as a ring model for the pyranose ring 
can assume a multitude of different conformations, of which a representative selection is 
shown below. The chair conformation is the most stable of the six conformations shown. 
planar skew 
envelope half chair 
6 
B boat C 4~\ chair 
3 
Asymmetry in the ring substituents leads to two non-superimposible chair conformations. 
To distinguish between the two conformations, the two pyranose rings are numbered as 
usual. A reference plane is drawn through four atoms so that C 1 lies out of the plane. The 
ring atom that lies above this reference plane has form of its ordinal number as a superscript 
before the abbreviation of the ring conformation, while the one below the plane is written as 








APPENDIX II. SAMPLE PARAMETER FILES 
Sample Grid Parameter File 
receptor ldl2.charrnrn.hpdbqsx 
gridfld ldl2.A.nomin.maps.fld 
npts 100 100 100 
spacing .375 
gridcenter -8.828 63.999 -4.585 
#macromolecule 
#grid_data_file 
#num.grid points in xyz 
#spacing (Angstroms) 
#xyz-coordinates or "auto" 
#atom type names types COHX 
smooth 0.500 #store minimum energy within radius (Angstroms) 
map ldl2.A.nomin.C.map #filename of grid map 
nbp_coeffs 1272653.000 1127.684 12 6#C-C_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 610155.100 783.345 12 6 #C-N_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 588883.800 633.754 12 6 #C-0 non bond parameters/Cn,Cm,n,m 
nbp_coeffs 88604.240 226.910 12 6 #C-H=non=bond=parameters/Cn,Cm,n,m 
nbp_coeffs 88604.240 226.910 12 6 #C-X_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 297936.289 631.99 12 6 #C-M_non_bond_parameters/Cn,Cm,n,m * 
sol_par 12.77 0.6844 #C atomic fragmental volume, solvation param. 
constant 0.000 #C grid map constant energy 
map ldl2.A.nomin.O.map #filename of grid map 
nbp_coeffs 588883.800 633.754 12 6 #0-C_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 249961.400 445.918 12 6 #0-N_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 230584.400 368.677 12 6 #0-0_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 75570.000 23850.000 12 10#0-H_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 38919.640 124.049 12 6 #0-X_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 126818.720 361.362 12 6 #0-M_non_bond_parameters/Cn,Cm,n,m * 
sol_par 0.00 0.0000 #0 atomic fragmental volume, solvation param. 
constant 0.236 #0 grid map constant energy 
map ldl2.A.nomin.H.map #filename of grid map 
nbp_coeffs 88604.240 226.910 12 6 #H-C_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 39093.660 155.983 12 6 #H-N_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 75570.000 23850.000 12 lO#H-O_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 1908.578 46.738 12 6 #H-H_non_bond_parameters/Cn,Cm,n,m 
nbp_coeffs 1908.578 46.738 12 6 #H-X_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 11537.8093 128.6638 12 6 #H-M_non_bond_parameters/Cn,Cm,n,m * 
sol_par 0.00 0.0000 #H atomic fragmental volume, solvation param. 
constant 0.118 #H grid map constant energy 
map ldl2.A.nomin.X.map 
nbp_coeffs 88604.240 226.910 12 6 #X-C_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 39093.660 155.983 12 6 #X-N_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 38919.640 124.049 12 6 #X-O_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 1908.578 46.738 12 6 #X-H_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 1908.578 46.738 12 6 #X-X_non_bond_parameters/Cn,Cm,n,m * 
nbp_coeffs 11537.8093 128.6638 12 6 #X-M_non_bond_parameters/Cn,Cm,n,m * 
sol_par 0.00 0.0000 #D atomic fragmental volume, solvation param. 
constant 0.118 #D grid map constant energy 
elecmap ldl2.A.nomin.e.map #electrostatic potential map 
dielectric -0.1146 #<0,distance-dep.diel; >0,constant 
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Sample Docking Parameter File 
seed time pid # for random number generator 
types COHX # atom type names 
fld ldl2.A.nomin.maps.fld # grid data file 
map ldl2.A.nomin.C.map # c-atomic affinity map file 
map ldl2.A.nomin.O.map # a-atomic affinity map file 
map ldl2.A.nomin.H.map # H-atomic affinity map file 
map ldl2.A.nomin.X.map # X-atomic affinity map file 
map ldl2.A.nomin.e.map # electrostatics map file 
move manlC4.out.pdbq # small molecule file 
about -11.112 59.762 -1.507 # small molecule center 
# Initial Translation, 
tranO -11.112 59.762 
quatO 1. 0. 0. 0. 
ndihe 6 
diheO 0. 0. 0. 0. 0. 0. 
Quaternion and Torsions 
-1.507 # initial coordinates/A or "random" 
# initial quaternion or "random" 
# number of initial torsions 
# initial torsions 
torsdof O 0.3113 # num. non-Hydrogen torsional DOF & coeff. 








# translation step/A 
# quaternion step/deg 
# torsion step/deg 
# trans reduction factor/per cycle 
# quat reduction factor/per cycle 
# tors reduction factor/per cycle 
# Hard Torsion Constraints 
#hardtorcon 1 -180. 30. # constrain torsion, num., angle(deg), range(deg) 
# Internal Non-Bonded Parameters 
intnbp_coeffs 1272653. 000 1127.684 12 6 # c-c internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 588883.800 633.754 12 6 # C-0 internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 88604.240 226.910 12 6 # C-H internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 88604.240 226.910 12 6 # c-x internal energy non-
bond parameters/Cn,Cm,n,m * 
intnbp_coeffs 230584.400 368.677 12 6 # 0-0 internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 75570.000 23850.000 12 10 # 0-H internal energy non-
bond parameters/Cn,Cm,n,m * 
intnbp_coeffs 38919.640 124.049 12 6 # 0-X internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 1908.578 46.738 12 6 # H-H internal energy non-
bond parameters/Cn,Cm,n,m 
intnbp_coeffs 1908.578 46.738 12 6 # H-X internal energy non-
bond parameters/Cn,Cm,n,m * 





# calculate internal electrostatic energy 
# diagnostic output level 
# Docked Conformation Clustering Parameters for "analysis" command 
rmstol 1.0 # cluster tolerance (Angstroms) 
rmsref manlC4.out.pdbq # reference structure file for RMS calc. 
write all # write all conformations in a cluster 
extnrg 
#eOmax 
1000. # external grid energy 
0. 10000 # max. allowable initial energy, max. num. retries 
# Genetic Algorithm (GA) and Lamarckian Genetic Algorithm Parameters (LGA) 
ga_pop_size 50 # number of individuals in population 
ga_num_evals 1500000 # maximum number of energy evaluations 
ga num generations 80 # maximum number of generations 
ga=elitism 1 # num. of top individuals that automatically survive 
ga_mutation_rate 0.02 # rate of gene mutation 
ga_crossover_rate 0.80 # rate of crossover 
ga_window_size 10 # num. of generations for picking worst individual 
ga_cauchy_alpha O # -mean of Cauchy distribution for gene mutation 
ga_cauchy_beta 1 # -variance of Cauchy distribution for gene mutation 
set ga # set the above parameters for GA or LGA 
# Local Search 
sw max its 300 
sw max succ 4 
sw max fail 4 
sw rho 1.0 
sw lb rho 0.01 
ls_search_freq 
set_pswl 
ga run 100 
(Solis & Wets) Parameters (for LS alone and for LGA) 
# number of iterations of Solis & Wets local search 
# number of consecutive successes before changing rho 
# number of consecutive failures before changing rho 
# size of local search space to sample 
# lower bound on rho 
1.00 # probability of performing local search on an indiv. 
# set the above pseudo-Solis & Wets parameters 
# do this many GA or LGA runs 
# Perform Cluster Analysis 
analysis # do cluster analysis on results 
58 
REFERENCES 
Allison, S.A., Bacquet, R.J. and McCammon, J. (1988) Simulation of the diffusion-controlled 
reaction between superoxide and superoxide dismutase. IL Detailed models. Biopoly-
mers, 27, 251-269. 
Anfinsen, C.B. (1973) Principles that govern the folding of protein chains. Science, 181, 
223-230. 
Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N., Weissig, H., Shindyalov, 
I.N. and Bourne, P.E. (2000) The Protein Data Bank. Nucleic Acids Res., 28, 235-242. 
Bonay, P. and Hughes, R.C. (1991) Purification and characterization of a novel broad-spec-
ificity (a-1~2, a-1~3, and a-1~6) mannosidase from rat liver. Eur. J. Biochem., 197, 
229-238. 
Bonay, P., Roth, J. and Hughes, R.C. (1992) Subcellular distribution in rat liver of a novel 
broad-specificity (a-1~2, a-1~3, and a-1~6) mannosidase active on oligomannose 
glycans. Eur. J. Biochem, 205, 399-407. 
Brooks, B.R., Bruccoleri, R.E., Olafson, B.D., States, D.J., Swaminathan, S. and Karplus, M. 
(1983) CHARMM: A program for macromolecular energy, minimization, and dynamics 
calculations. J. Comput. Chem., 4, 187-217. 
Chetverikov, S.S. (1926) On certain aspect of the evolutionary process from the standpoint of 
modem genetics. J. Exper. Biol., 2, 3-54. 
Chui, D., Oh-Eda, M., Liao, Y.F., Panneerselvam, K., Lal, A., Marek, K.W., Freeze, H.H., 
Moremen, K.W., Fukuda, M.N. and Marth, J.D. (1997) a-Mannosidase-II deficiency 
results in dyserythropoiesis and unveils an alternate pathway in oligosaccharide biosyn-
thesis. Cell, 90, 157-167. 
Chung, D.H., Ohashi, K., Watanabe, M., Miyasaka, N. and Hirosawa, S. (2000) Mannose 
trimming targets mutant a(2)-plasmin inhibitor for degradation by the proteasome. J. 
59 
Biol. Chem., 275, 4981--4987. 
Connolly, M.L. (1983) Solvent accessible surfaces of proteins and nucleic acids. Science, 
221, 709-713. 
Cornell, W.D., P., C., Bayly, C.I., Gould, LR., Merz, K.M.J., Ferguson, D.M., Spellmeyer, 
D.C., Fox, T., Caldwell, J.W. and Kollman, P.A. (1995) A second generation force field 
for the simulaton of proteins and nucleic acids. J. Am. Chem. Soc., 117, 5179-5197. 
Dowd, M.K., French, A.D. and Reilly, P.J. (1994) Modeling of aldopyranosyl ring puckering 
with MM3(92). Carbohydr. Res., 264, 1-19. 
Eades, J.C. and Hintz, W.E. (2000) Characterization of the Class I a-mannosidase gene fam-
ily in the filamentous fungus Aspergillus nidulans. Gene, 255, 25-34. 
Ellgaard, L., Molinari, M. and Ari, H. (1999) Setting the standards: Quality control in the 
secretory pathway. Science, 286, 1882-1888. 
Friedman, A.R., Roberts, V.A. and Tainer, J.A. (1994) Predicting the molecular interactions 
and inducible complementarity: Fragment docking ofFab-peptide complexes. Proteins 
Struct. Funct. Genet., 20, 15-24. 
Gillet, V.J., Newell, W., Mata, P., Myatt, G., Sike, S., Zsoldos, Z. and Johnson, A.P. (1994) 
SPROUT: Recent developments in the de novo design of molecules. Chem. lnformat. 
Comput. Sci., 34, 207-217. 
Goodford, P.J. (1985) A computational procedure for determining energetically favourable 
binding sites on biologically important macromolecules. J. Med. Chem., 28, 849-857. 
Goodsell, D.S. and Olson, A.J. (1990) Automated docking of substrates to proteins using 
simulated annealing. Proteins Struct. Funct. Genet., 8, 195-202. 
Goodsell, D.S., Lauble, H., Stout, C.D. and Olson, A.J. (1993) Automated docking in crystal-
lography: Analysis of the substrates of aconitase. Proteins Struct. Funct. Genet., 17, 1-
10. 
Hart, W.E. (1994) Adaptive global optimization with local search. Computer Science and 
60 
Engineering Department, University of California, San Diego. 
Helenius, A. (1994) How N-linked oligosaccharides affect glycoprotein folding in the endo-
plasmic reticulum. Mol. Biol. Cell, 5, 253-265. 
Henrissat, B. (1991) A classification of glycosyl hydrolases based on amino acid sequence 
similarities. Biochem. J., 280, 309-316. 
Henrissat, B. and Bairoch, A. (1993) New families in the classification of glycosyl hydrol-
ases based on amino acid sequence similarities. Biochem. J., 293, 781-788. 
Herscovics, A. (1999a) Processing glycosidases of Saccharomyces cerevisiae. Biochim. Bio-
phys. Acta, 1426, 275-285. 
Herscovics, A. (1999b) Importance of glycosidases in mammalian glycoprotein synthesis. 
Biochim. Biophys. Acta, 1473, 96-107. 
Herscovics, A. (1999c) Glycosidases of the Asparagine-Linked Oligosaccharide Processing 
Pathway. Elsevier, Amsterdam. 
Hiraizume, S., Spohr, U. and Spiro, R.G. (1993) Characterization of endomannosidase inhib-
itors and evaluation of their effect on N-linked oligosaccharide processing during glyco-
protein biosynthesis. J. Biol. Chem., 268, 9927-9935. 
Howard, S., Braun, C., McCarter, J., Moremen, K.W., Liao, Y.F. and Withers, S.G. (1997) 
Human lysosomal and jack bean a-mannosidases are retaining glycosidases. Biochem. 
Biophys. Res. Commun., 238, 896-898. 
Jakob, C.A., Burda, P., Roth, J. and Aebi, M. (1998) Degradation ofmisfolded endoplasmic 
reticulum glycoproteins in Saccharomyces cerevisiae is determined by a specific oligo-
saccharide structure. J. Cell Biol., 142, 1223-1233. 
Katchalski-Katzir, E., Shariv, I., Einstein, M., Friesem, A.A., Afalo, C. and Vakser, I.A. 
(1992) Molecular surface recognition: Determination of geometric fit between proteins 
and their ligands by correlation techniques. Proc. Nat. Acad. Sci. U.S.A., 89, 2195-2199. 
Knop, M., Hauser, N. and Wolf, D.H. (1996) N-Glycosylation affects endoplasmic reticulum 
61 
degradation of a mutated derivative of carboxypeptidase yscY in yeast. Yeast, 12, 1229-
1238. 
Kopito, R.R. (1999) Biosynthesis and degradation of CFTR. Physiol. Rev., 79, S167-Sl 73. 
Kornfeld, R. and Kornfeld, S. (1985) Assembly of asparagine-linked oligosaccharides. Ann. 
Rev. Biochem., 54, 631-664. 
Kuntz, I., Blaney, J., Oatley, S., Langridge, R. and Ferrin, T. (1982) A geometric approach to 
macromolecule-ligand interactions. J. Mo!. Biol., 161, 269-288. 
Laederach, A., Dowd, M.K., Coutinho, P.M. and Reilly, P.J. (1999) Automated docking of 
maltose, 2-deoxymaltose and maltotetraose into the soybean P-amylase active site. 
Proteins Struct. Fune. Genet., 3 7, 166-175. 
Lal, A., Pang, P., Kalelkar, S., Romero, P.A., Herscovics, A. and Moremen, K.W. (1998) 
Substrate specificities of recombinant murine Golgi a-1,2-mannosidases IA and IB and 
comparision with endoplasmic reticulum and Golgi processing a-1,2-mannosidases. 
Glycobiology, 8, 981-995. 
Lamarck, J.B. (1914) Zoological Philosophy. Macmillan, London. 
Lipari, F. and Herscovics, A. (1999) Calcium binding to the Class I a-1,2-mannosidase from 
the Saccharomyces cerevisiae occurs outside the EF hand motif. Biochemistry, 38, 1111-
1118. 
Lipari, F., Gour-Salin, B.J. and Herscovics, A. (1995) The Saccharomyces cerevisiae proces-
sing a-1,2-mannosidase is an inverting glycosidase. Biochem. Biophys. Res. Commun., 
209, 322-326. 
Liu, Y., Choudhury, P., Cabral, C.M. and Sifers, R.N. (1999) Oligosaccharide modification 
in the early secretory pathway directs the selection of a misfolded glycoprotein for deg-
radation by the proteasome. J. Biol. Chem., 274, 5861-5867. 
Lunney, E.A., Hagen, S.E., Domagala, J.M., Humblet, C., Kosinski, J., Tait, B.D., Warmus, 
J.S., Wilson, M., Ferguson, D. and Hupe, D.E.A. (1994) A novel nonpeptide HIV-1 prot-
62 
ease inhibitor: Elucidation of the binding mode and its application in the design of related 
analogs. J. Med. Chem., 37, 2664-2677. 
Marcus, N.Y. and Perlmutter, D.H. (2000) Glucosidase and mannosidase inhibitors mediate 
increased secretion of mutant al antitrypsin Z. J. Biol. Chem., 275, 1987-1992. 
Martz, E. (2001) http://proteinexplorer.org. Protein Explorer Software. 
McCarter, J., Adam, M. and Withers, S.G. (1992) Binding energy and catalysis: Fluorinated 
and deoxygenated glycosides as mechanistic probes of Escherichia coli (lacZ) P-galac-
tosidase. Biochem. J., 286, 721-727. 
McCarter, J.D. and Withers, S.G. (1994) Mechanisms in enzymatic glycoside hydrolysis. 
Curr. Opin. Struct. Biol., 4, 885-892. 
Mehler, E.L. and Solmajer, T. (1991) Electrostatic effects in proteins: Comparision of dielec-
tric and charge models. Protein Engin., 4, 903-910. 
Manis, E., Bonay, P. and Hughes, R.C. (1987) Characterization of a mannosidase acting on 
a-1,3- and a-1,6-linked mannose residues of oligomannosidic intermediates of glyco-
protein processing. Eur. J. Biochem., 168, 287-294. 
Moon, J.B. and Howe, J.W. (1991) Computer design ofbioactive molecules: A method for 
receptor-based de novo ligand design. Proteins Struct. Fune!. Genet., 11, 314-328. 
Moremen, K.W., Trimble, R.B. and Herscovics, A. (1994) Glycosidases of the asparagine-
linked oligosaccharide processing pathway. Glycobiology, 4, 113-126. 
Morris, G.M., Goodsell, D.S., Huey, R. and Olson, A.J. (1996) Distributed automated dock-
ing of flexible ligands to proteins: Parallel applications of AutoDock 2.4. J. Computer-
Aided Mo/. Des., 10, 293-304. 
Morris, G.M., Goodsell, D.S., Halliday, R.S., Huey, R., Hart, W.E., Belew, R.K. and Olson, 
A.J. ( 1998) Automated docking using a Lamarckian genetic algorithm and an empirical 
binding free energy function. J. Comput. Chem., 19, 1639-1662. 
Nishibata, Y. and Itai, A. ( 1991) Automatic creation of drug candidate structures based on 
63 
receptor structure. Starting point for artificial lead generation. Tetrahedron, 41, 8985-??. 
Rockey, W .M., Laederach, A. and Reilly, P .J. (2000) Automated docking of a-1,4- and a-
1,6-linked glucosyl trisaccharides and maltopentaose into the soybean ~-amylase active 
site. Proteins Struct. Funct. Genet., 40, 299-309. 
Romero, P.A., Vallee, F., Howell, P.L. and Herscovics, A. (2000) Mutation of Arg273 to Leu 
alters the specificity of the yeast N-glycan processing Class I a-1,2-mannosidase. J. Biol. 
Chem., 275, 11071-11074. 
Rye, C.S. and Withers, S.G. (2000) Glycosidase mechanisms. Curr. Opin. Chem. Biol., 4, 
573-580. 
Sharp, K., Fine, R. and Honig, B. (1987) Computer simulations of the diffusion of a substrate 
to an active site of an enzyme. Science, 236, 1460-1463. 
Shoichet, B.K. and Kuntz, I.D. (1993) Matching chemistry and shape in molecular docking. 
Protein Engin., 6, 723-732. 
Sifers, R.N. (1995) Defective protein folding as a cause of disease. Nature Struct. Biol., 2, 
355-357. 
Sinnott, M. (ed.) (1998) Comprehensive Biological Catalysis: A Mechanistic Reference. 
Academic Press, London. 
Solis, F.J. and Wets, R.J.-B. (1981) Minimization by random search techniques. Math. Oper. 
Res., 6, 19-30. 
Spiro, R.G. (1994) Guidebook to the secretory pathway. In Rothblatt, J., Novick, P. and 
Stevens, T. (eds.), Guidebook to the Secretory Pathway. Sambrook and Tooze Publicat-
ions, Oxford, pp. 188-189. 
Stewart, J.J.P. (1990) http://home.att.net/-mrmopac/, MOPAC. 
Stoddard, B.L. and Koshland, D.E. (1992) Prediction of the structure of a receptor-protein 
complex using a binary docking method. Nature, 358, 774-776. 
Stoddard, B.L. and Koshland, D.E.J. (1993) Molecular recognition analyzed by docking 
64 
simulations: The aspartate receptor and isocitrate dehydrogenase for Escherichia coli. 
Proceed. Nat. Acad. Sci. U.S.A., 90, 1146-1153. 
Su, K., Stoller, T., Rocco, J., Zemsky, J. and Green, R. (1993) Pre-Golgi degradation of yeast 
prepro-a-factor expressed in a mammalian cell. Influence of cell type-specific oligosacc-
haride processing on intracellular fate. J. Biol. Chem., 268, 14301-14309. 
Tulsiani, D.R.P. and Touster, 0. (1985) Characterization of a novel a-D-mannosidase from 
rat brain microsomes. J. Biol. Chem., 260, 13081-13087. 
Vakser, I.A. (1995) Protein docking for low-resolution structures. Protein Engin., 8, 371-
377. 
Vakser, I.A. (1996a) Main-chain complementarity in protein-protein recognition. Protein 
Engin., 9, 37-41. 
V akser, I.A. ( 1996b) Low-resolution docking: Prediction of complexes for underdetermined 
structures. Biopolymers, 39, 455-464. 
Vakser, I.A. and Afalo, C. (1994) Hydrophobic docking: A proposed enhancement to molec-
ular recognition techniques. Proteins Struct. Funct. Genet., 20, 320-329. 
Vallee, F., Kharaveg, K., Herscovics, A., Moremen, K.W. and Howell, L.P. (2000a) Structur-
al basis for catalysis and inhibition of N-glycan processing Class I a-1,2-mannosidases. J. 
Biol. Chem., 275, 41287-41298. 
Vallee, F., Lipari, F., Yip, P., Sleno, B., Herscovics, A. and Howell, P.L. (2000b) Crystal 
structure of Class I a-1,2-mannosidase involved in N-glycan processing and endoplasmic 
reticulum quality control. EMBO J., 19, 581-588. 
Van der Waals, J .H. ( 1908) Lehrbuch der Thermodynamik, Mass and Van Suchtelen, 
Leipzig. 
Vara Prasad, J.V.N. (1994) Novel series of achiral, low molecular weight, and potent HIV-1 
protease inhibitors. J. Am. Chem. Soc., 116, 6989-6990. 
Villar, H.0. and Koehler, R.T. (1997) Methods for structure based drug design. Molec. Mod-
65 
eling Electron. Conj., 1. 
Walters, P. and Stahl, M. (1992-1996) http://smog.com/chem/babel/, Babel, Tucson, Ariz. 
Wang, Y. and Androlewicz, M.J. (2000) Oligosaccharide trimming plays a role in the endo-
plasmic reticulum-associated degradation oftyrosinase. Biochem. Biophys. Res. Com-
mun., 271, 22-27. 
Yang, M., Omura, S., Bonifacino, J.S. and Weissman, A.M. (1998) Novel aspects of degrad-
ation of T cell receptor subunits from the endoplasmic reticulum (ER) in T cells: Impor-
tance of oligosaccharide processing, ubiquitination, and proteasome-dependent removal 
from ER membranes. J. Exp. Med., 187, 835-846. 
66 
ACKNOWLEDGEMENTS 
I am deeply indebted to several people for their help and support and for making this 
grueling and tedious task of thesis writing actually enjoyable and rewarding for me. I am 
very grateful to Dr. Peter J. Reilly for his sound advice and immeasurable patience with me 
at all times. I would like to thank Dr. Surya K. Mallapragada and Dr. Srinivas Aluru for 
graciously serving on my committee. I have to thank Alain Laederach for his invaluable 
suggestions and guidance throughout my work and Pedro M. Coutinho for suggesting this 
project. I owe Aarti, Murali, and Sharbari for being such great friends and critics and for pat-
iently going through my manuscripts and offering precious advice. Lokesh, thanks for your 
help, support, advice and for just being there for me. 
